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By Harold B, Pierce 


SUl>f4ARY 


A series of tests of a ^5 swept back— wing model with and without 
fuselage and of an equivalent straight-wing model were conducted in the 
Langley gust tunnel to provide information on some of the problems 
encountered in the prediction of gust loads for airplanes incorporating 
swept wings. A comparison of test results with calculated results 
indicated that the maximum acceleration increment resulting from the 
penetration of a gust by a sweptback— wing airplane may be assumed to be 
dependent on the slope of the lift curve of the equivalent straight wing 
multi oiled by the cosine of the angle of sweep, rather than on the steady- 
flow slope of the lift curve. In addition, it appeared that the maximum 
acceleration increment also depends on the effect on the unsteady— lift 
function of the gradual penetration of the sweptback wing into the gust, 

A comparison of the maximum acceleration increments obtained for the 
svept-wing model with those obtained for the straigh1>-wing model indicated 
that, although the airplane with a swept wing would show positive pitching 
motion, it would undergo a much lower acceleration increment than the same 
airplane with the equivalent straight wing. 


INTRODUCTION 


One of the problems associated with Improving high-speed flight by 
the use of wings with large angles of sweep is the prediction of gust 
load factors. Some of the elements to be considered in the calculation 
of gust loads for these wing configuraticns include: (a) the prediction 
of a slope of the wing-lift curve, (b) the determination of the effects 
of the gradual penetration of a swept wing into a gust, and (c) the 
possible increase in fuselage-interference effects such as described in 
reference 1, Other elements to be considered are the effects of com- 
pressibility and of wing flexibility. The problems cited concerning the 
slope of the wing-lift curve, the penetration effect, and the fuselage- 
interference effect depend primarily on the wing configuration alone and 
are important in setting the magnitudes of the gust load factors for swept 
wings relative to those for the conventional straight— wing airplane on 
which much information is already available. On the other hand, the 
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prolDlems resulting from compressibility are common to all wing configu- 
rations, whereas the problem resulting from wing flexibility that is 
peculiar to the swept>-wing configuration, namely, wing twist due to 
bending, depends to a great extent on the struct\aral properties of the 
Individual design. 

As a starting point, analytical studies together with suitable tests 
were made in the Langley gust tunnel in order to provide information 
pertinent to these problems exclusive of compressibility and flexibility 
effects. This paper presents the results of gust-tiumel tests of a model 
having a rigid wing with the half-chord line swept back and the 
results of tests of an equivalent model having 0° sweep. The test results 
are compared with the results of anetlytlcal studies, and some information 
on the determination of a wing-llft-curve slope and on the entry- 
interference and fuselage- interference effects is obtained. 


APPARATUS 


Photographs of the skeleton models used in the tests are shown as 
figures 1 and 2 , and plan-view line drawings are shown as figures 3 and U. 
A removable fuselage was provided for the swept back— wing model (fig. 5 
and dashed lines in fig. 3 ) so that tests to determine the effects of 
fuselage interference could be made with the same model. The character- 
istics of the models and the test conditions are listed in table I. In 
order to provide space for batteries and the accelerometer in the wings 
of the models, the center sections had smooth bulges which projected from 
the top and bottom surfaces and which about doubled the wing thicknesses. 

The wing of the stredght-wing model (fig. U) h£ul 0° sweep of the 
straight line through the half— chord points and an NACA 0012 airfoil 
section perpendicular to this line. The wing of the swept-wlng model 
was derived from that of the straight-wing model, or from the equivalent 
straight wing as it will be hereinafter called, by rotating the straight 
wing about the half— chord point at the plane of symmetry so that the 
constant length half— chord line moved back through an angle of Th® 

wing tip was modified to the form Indicated in figure 3* 

Force tests were made in the Langley free-f light tunnel of the 
equivalent straight^wing model and of the sweptback-wing model without 
fuselage, and the results are shown in figure 6 . The slopes of the lift 
curves of the models as determined by these teste are Included in table I. 

The present Langley gust tunnel is the same in principle as the gust 
tunnel described in reference 1 and utilizes like instrumentation and 
techniques. The capacity of the gust— tunnel equipment now used is such 
that 6 -foot— span models can be flown up to speeds of 100 miles an hour 
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through gusts with velocities up to 20 feet per second. The gust or Jet 
of air supplied by the Langley gust tunnel is 8 feet wide and lU feet 
long and, at the present time, is screened with special wire-mesh 
screening to insure a reasonable low level of turbulence. 


TESTS 


Tests of the sweptback— wing model consisted of nine flights of the 
model with and eight without the fuselage through the sharp-edge gust 
shown in figure 7(a) . Tests of the equivalent straight-wing model 
consisted of 10 flights of the model through the sharp— edge gust shown 
in figure 7(b) . The tests were all made for a forward speed of 60 miles 
per hour and a gust velocity of approximately 10 feet per second. 
Measurements of the forward speed, gust velocity, normal— acceleration 
increments, and pitch-angle increment were made diiring each flight. 


RESULTS 


Records for all flights were evaltiated to obtain histories of 
the normal— acceleration increment and pitch-angle increment during 
traverse of the gust. Representative histories of results for tests in 
a sharp-edge gust of the sweptback- wing model with and without fuselage 
for tests of the equivalent straight-wing model without a fuseleige 
are shown in figure 8(a). The results are plotted against the position 
of the airplane center of gravity in terms of mean-aerodynamlo-chord 
lengths of travel from the leading edge of the Langley gust^tunnel test 
section. 

Histories of events for the sweptback-wing model penetrating a gust 
with a gradient distance of 9 chords were obtained by building up by 
superposition the histories obtained in the sharp-edge gust under the 
assumption that the sharp-edge gust could be considered to be a "unit— 

J\imp" type gust. The gradient distance of 9 chords was the maximum that 
could be obtained, since the method is limited by the extent of the 
original histories. For the pu'^pose of determining the maximum value of 
the built-up curves, the histories were extrapolated an extra chord length. 
For comrarative T)urT)Ose8, the histories of events in the sharp— edge gust 
for the equivalent straight— wing model were also built up to represent 
the response of the model in a gust of 9-chord gradient distance. Samule 
histories of responses to a gust with a gradient distance of 9 chords are 
shown in figure 8(b) for the equivalent stralghtr-wing model and for the 
sweptback-wing model with and without fuselage. 

The maximum acceleration Increments An obtained from tests of the 

max 
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U5° swepfback— ving models in the sharp-edge gust and those obtained from 
the building up of the results to represent the response to a gust of 
9-chord gradient distance are presented in table II. Since the model 
veights vere different (table I) and each flight was made at slightly 
different values of forward velocity and gust velocity, the maximum 
acceleration increments were all corrected to a model weight of 
9.25 pounds, a forward velocity of 60 miles per hour, and a gust velocity 
of 10 feet per second on the assumption that they are inversely pro- 
portional to the model weight and directly proportional to forward speed 
and gust velocity (reference l) . 


PRECISION 


The measured quantities are estimated to be accurate within the 
following limits for any test or run: 


Acceleration increment, g vinits ±0.05 

Forward velocity, feet per second ±0.5 

Gust velocity, feet per second ±0.1 

Pltcb-emgle Increment, degrees ±0.1 


In any given flight, small variations in the laimching speed or 
attitude of the model tend to produce errors in the acceleration increment 
which are a function of the pitching motion of the model. In most cases 
the tendency is to introduce an upward pitching velocity, which may remain 
constant throughout the traverse (reference 2) . It is not possible at 
present to eliminate such errors by means of corrections to the data. 
Consideration of all factors Involved, however. Indicates that the results 
ffom repeat flights should have a dispersion of not more than ±0.05 g for 
a sharp-edge gust. Similar considerations Indicate that the dispersion 
should not exceed ±0,1 g when the responses to the sharp— edge gust are 
built up to represent the responses to a gust with a gradient distance of 
9 chords. 


ANALYSIS 


Calculations to predict the responses of the equivalent straight— ving 
model and of the h5° sveptback-wing model without fuselage to the test 
gust were made under the following assiunptlons: 

(1) The pitching motion Is neglected. 

(2) The wings are rigid. 

(3) Only the load increment on the wing is considered. 
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The follovlng equation, derived from equation (l) of reference 2, 
may then he considered to determine the acceleration increment of an 
airplane in a gust at any point s^^: 



where 

acceleration increment, g units 
p mass density of air, slugs per cubic foot 

m slope of wing-lift curve, per radian 

V forward velocity, feet per second 

S wing area, square feet 

W weight of model, pounds 

8 distance penetrated into gust by foremost point of 

leading edge of wing, chords 

distance penetrated into gust by foremost point of 

leading edge of wing at which acceleration Increment 
is to be determined, chords 

^(s) history of acceleration increment expressed as a 

function of ■ 


c wing chord length, feet 

g acceleration due to gravity, feet per second' 


U gust velocity, feet per second 

Cl (sl — s J unsteady-lift fxmction for an airfoil penetrating a 

sharp-edge gust expressed as a fimctlon of s^ — 8 

Cj_ (sj^ — s^ xmsteady-llft function for a sudden change of angle of 

'' attack over entire wing expressed as a function of 

Bji^ S 
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For the DurDose of this Darer, 


lift coefficient at any distance s 
infinite distance has been traversed (steady flow). 


and are the ratios of the 

to the lift coefficient after an 


In the solution for the response to the sharp-edge gust, equation (l) 
may he reduced as follows: 


^ = 


pmUVS 

2W 






( 2 ) 


where C, (s) is the unsteady lift function for an airfoil penetrating 
g 


a sharp-edge gust expressed as a fimction of sj 




is the 




value of the function at and w is successively, in the iteration 

for solution hy the graphical method given in reference 3> the history 
of the vertical velocity determined from the history of the first term 
of equation (2) and then from the histories of until convergence. 


In accordance with the results of past analyses, such as in 
references 1 and 2, unsteady— lift functions for two-dimensional flow 
(infinite aspect ratio) were used and the neglect of the Influence of 
the tip vortices was assvuned to he accounted for hy the use of the slope 
of the lift curve of the three-dimensional wing. In making the calcii— 
latlons, the slopes of the wing-lift curve determined hy wind-tunnel 
tests were used for both models. In addition, ced-culatlons were made 
for the swepthack— wing model with the use of a slope of the lift curve 
determined hy the so-called "cosine law, " which is the process of 
multiplying the elope of the lift curve of the equivalent straight wing 
hy the cosine of the angle of sweep (reference U). The unsteady-lift 
• and were derived from the functions for infinite 

asnect ratio given hy obnes in reference 5, and these functions were used 
in the calculations for the equivalent straightr^lng model. In the 
calculations for the swepthack— wing model, however, the function 


functions C-r 
^g 


was modified hy strip theory to take into account the gradual penetration 


of the swepthack wing into the gust. The curves for Cj 
modified and unmodified are given in figure 9. 


and Ct 


"g 


The maximum acceleration increments determined hy equation ( 2 ) for 
the sharp-edge gust and those determined hy building up hy superposition 
for the gust of 9-^hord gradient distance are included in table II for 
both slopes of the lift curve used. 

For conq>arative purposes, results of calculations made hy the method 
of reference 6 for the sharp-edge gusts and for the gusts with 9^1iord 
gradient distances are also included in table II, The slope of the lift 
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curve used was derived by the cosine law. The equations of reference 6 
are a solution of equation (l) of the present paper using an unmodified 
curve of J and, in the case of gradient gusts, the additional 
g 

assumption is made that the acceleration increment reaches a maximum value 
at the same time the gust reaches its maximum. 


DISCUSSION 


Examination of the test results given in figure 8 shows that 
appreciable pitching motion is present at the time of maximum acceleration 
increment for both the sharp-edge and 9— chord— gradient— distance gusts . 

In order that the con5)arison of the experimental data with the calculated 
data be valid, the effect of the pitching motion was removed from the 
experimental data of An^y shown in table II by use of an approximate 
correction such that 




max 


0 



A 6 / 57.3 \ 
U/V ) 


( 3 ) 


where represents A n,^„y reduced to zero pitch and A0 is the 

ritch increment In degrees at the time of occiirrence of An ^,,^ . This 
approximate correction factor has been shown to be applicable in the 
unpublished results of several series of tests made in the Langley gust 
tunnel. The resultant values of An ^^ reduced to zero pitch are given 

in table II. 

When the experimental results reduced to zero pitching motion are 
compared with the calculated results in table II, good agreement between 
these results is noted in the case of the equivalent straight— wing 
model. The comparison for the sweptback-^ing model shows that the best 
agreement with experiment is obtained with the results calculated by the 
method of this paper by the use of a lift-cvirve slope derived by the 
cosine law. The good agreement between calculated and experimental, 
results for the equivalent straight>-wing model indicates that, for this 
case, the slopes of the lift curve are about the same in both the steady- 
flow and unsteady— flow or gust conditions. For the sweptback— wing model, 
howevei-, the slope of the lift curve in the unsteady— flow or gust condition 
appears to be about 20 percent highei- than the measured slope in steady 
flow. It is believed tliat this difference can be ascribed to the behavior 
of the boundaiy layer in the unsteady-flow condition; but, at the pr-esent 
time, sufficient evidence to support this premise is not available. 

The comparison in table II of the results of the calculation by 
the present method, which uses the modified cixrve of of figure 9 , 

g 
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with the resvilts of the calculations hy the method of reference 6, 
which uses a c^^ 2 ^e of Ct slinilar to the unmodified curve in figure 9 

("both methods using a lift— curve slope derived by the cosine law), 
indicates that the effect of the gradual penetration on the unsteady- 
lift function Cp, should be taken into accoimt in a calculation for 

gust loads on sweptback wings. The reduction of area under the curve 
of Ct caused by the modification for the penetration effect is, of 

^g 

course, the reason for the lower values of acceleration Increment pre- 
dicted by the method given in this paper. 

The effect on the maximum acceleration increment of the addition 
of the fuselage to the sweptback— wing model appears to be negligible 
when the results are reduced to zero pitch (table II). It is probable 
that this condition is due to the fact that with the particular con- 
figuration used, the length of the fuselage is not a great deal different 
from the distance along the flight path from the leading edge of the wing 
center line to the trailing edge of the wing tip. For a normal straight- 
wing airplane, the chord length of the fuselage is three to four times 
that of the wing; and tests with and without a fuselage would probably 
show a difference in maximum acceleration increment. 

The pitching motion of the two models is shown in figure 8 and the 
effect of the pitching motion On the measured acceleration increments 
is shown in table II, For the 45° sweptback-wing model, the positive 
pitching motion accoimts for about a 10-percent increase in acceleration 
increment over the no-pitch motion when the smeill effects of the fuselage 
on the pitching motion are ignored. On the same basis, the positive 
pitching motion of the equivalent straigh1>-wlng model would account for 
about a 4— percent increase in acceleration increment over the no-pitch 
condition. If it is assumed that the equivalent straight— wing and the 
swept— wing models have the same stability characteristics, the effect 
on the total acceleration increment of the positive pitching motion of 
the sweptback- wing model appears to be some 6 percent greater than the 
simillar effect for the equivalent straight-wing model. Such a trend 
might be expected from a general consideration of the effect of the 
gradual immersion of a sweptback wing in a gust as compared with the 
almost instantaneous immersion of the entire span of a straight wing. 
Although there were no comparable equivalent— straight— wing model tests 
to provide a basis for determining relative pitch effects, unpublished 
tests of a tailless model having a wing swept back 30 also showed a 
trend toward positive pitching motion and Increased acceleration incre- 
ments. On the basis of this limited information, then, it appears that 
airplanes having swentback wings will exhibit a tendency toward positive 
pitching motion upon entry into a gust. 

The comparison in table II of the observed acceleration increments 
for the equivalent straight— wing and the swept-wing models shows a 
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large reduction in acceleration increment in the same gust for the 
swepthack— wing model, which appears to result from the penetration 
effect on the curve of Ct combined with the reduction of the slope 

g 

of the wing-lift cur^e hy the rotation of the wing through the angle 
of sweep. It appears, then, that an airplane with a swept back wing 
would have a much lower acceleration increment imposed on it from, 
penetration of a gust than would the same airplane with an equivalent 
straight wing. 


CONCLUDITJG HEMAPKS 


Within the limits of the data, the excellent agreem.ent in the 
no— pitch condition between the test results for a sweptback— wing 

model and the results of the calculation by the method presented 
indicated that the maximiun acceleration increment experienced in a 
gust by a sweptback— wing airplane depends on: (l) the slope of the 
lift curve of the equivalent straightr-wing multiplied by the cosine 
of the angle of sweep rather than on the steady— flow slope of the 
lift curve and (2) the effect of the gradual penetration of the gust 
on the unsteady— lift function. 

In addition, the results of the tests indicated that in a gust 
the acceleration increment of an airplane with a swept wing would be 
much less than that for the same airplane with an equivalent straight 
wing, even if the trend toward positive pitching motion that is Indi- 
cated for airplanes having large angles of sweephack Is considered. 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va., October 8, 19^7 
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TABLE I 

CEAEACTE3^ISTTCS OF MODELS ABD TEST CONDITIONS 



Sweptback— wing model 

Equivalent 
straight- 
wing model 


Without 

fuselage 

With 

fuselage 

Weight, W, Ih 

9.25 

9.75 

9.875 

Wing area, S, sq ft 

6.05 

6.05 

6.00 

Wing loading, W/S, Ib/sq ft 

1.53 

1.61 

1.61 

Span, h, ft 

1^.25 

4.25 

6.00 

Mean aerodynamic chord measured in 
plane parallel to plane of 
symmetry, "c, ft 

1.1^777 

l.hTll 

1.037 

Aspect ratio, b^/S 

2.99 

2.99 

6.00 

Boot chord, Cg, ft 

1.90 

1.90 

1.33 

Tip chord, c^,ft 

0.95 

0.95 

0.67 

Taper ratio, c-t/cg 

0.5 

0.5 

0.5 

Sweep angle of half— chord line, deg . . 

h5 

h5 

0 

Wing area Intercepted by fuselage, 

percent gross wing area 

0 

15.8 

0 

Slope of lift curve determined by force 
tests, ner radian 

2.58 

— 

1.11 

Slope of lift curve determined oy 
multlulylng lift— curve slope of 
equivalent straight wing by cosine 
of sweep angle, per radian 

3.12 

3.12 

l.ll 

Cent er-of— gravity nosltlon, percent "c . 

32.1^5 

32.1^5 

31.25 

Gust velocity, U, fps 

10 

10 

10 

Forward velocity, V, mph 

60 

60 

60 



TABLE II 


(ND 


COMPAEISOR OF EXPEEIMENTAL ABD CALCULATED 
MAXIMUM ACCEIERATIOR UfCREMENTS 


Gradient 

distance 

(chords) 

Experimental 
(g units) 

Experimental 
reduced to zero pitch 
(g units) 

Calculated Aujoax ^7 
present method 
(g units) 

Calculated 

from reference 6 
(g units) 

Without 

fuselage 

With 

fuselage 

Without 

fuseleige 

With 

fuselage 

Cosine-lav 

slope 

Meastired 

steady-flov 

slope 

Equivalent straightr-wing mcxiel 

0 

2.11 

— 

2.03 

— 

1.96 

1.96 

2.00 

9 

1.73 

— 

1.67 

— 

1.65 

1.65 

1.72 

swepfbacle-wing model 

0 

1.U8 

1.^3 

1 . 3 ^ 

1 . 3 ^ 

1.35 

1.12 

i.in 

9 

1.13 

1.12 

1.03 

1.03 

1.05 

.87 

1.22 
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Figure 1.- 


Swept back -wing model without fuselage. 
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r/gure 3.— 4S°Swepfback wmg model. 
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Hgure Eguivalenf 3fraight-\A/)ng modeL 
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Figure 5.- Sweptback-wing model with fuselage. 


CD 


NACA TN No. 1528 







Drag coeff/cfcnt C/j or l/ff coeff/c/ent, Q 


NACA TN No. 1528 


21 



0 4 - 8 / 2/6 

Ang/e of attack, cc, deg 



P/fct?/ng- moment 
coeffic/cnt, C/n 


(a) Ec^u/vahnf otro/gtif-w/ng rr/odet. 
Figure 6.— Force fesF of models. 
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(jb) swept back-w/ng model, 
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Honzonia! d/sfance from had/ng edge ofgusffunnei chords 
(a) sweptback-w/ng model. 
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(b) bc^(j/yo/on J' sfra/ghb-w/rxy model, 
b/guire 7.- Velocity distribution through jet. 
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Horizonhl d/stance from leading edge of gas! funnelphords 
(a) Sharp-edge gush 
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45°cuveplbock wmg wilhoul fuselage 
45^swepfback wmg with fuselage 
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Honzonfal d/slance from leading edge of gusf funnelj chords 


(b) Gus! wilh 9- chord gradieni dislance. (Computed 
from exper/menial da la for shorp-edge gus!) 
ngure 8. — History of events m test gusts. 


Ratio of Cl at any time to Ci of an infinite time 



0 ^ 4- 6 8 JO R 14 !6 

Penetration, cOorcto 


hgure 9 - Curves ofCig and Ci^fon infinite aspect ratio based on Jones' 

unsteady-hft functions ( reference 6). 
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